Abstract Fully non-inductive plasma start-up was successfully achieved by using a wellcontrolled microwave source on the spherical tokamak, QUEST. Non-inductive plasmas were maintained for approximately 3-5 min, during which time power balance estimates could be achieved by monitoring wall and cooling-water temperatures. Approximately 70%-90% of the injected power could be accounted for by calorimetric measurements and approximately half of the injected power was found to be deposited on the vessel wall, which is slightly dependent on the magnetic configuration. The power distribution to water-cooled limiters, which are expected to be exposed to local heat loads, depends significantly on the magnetic configuration, however some of the deposited power is due to energetic electrons, which have large poloidal orbits and are likely to be deposited on the plasma facing components.
Introduction
Steady state operation (SSO) of magnetic fusion devices is one of the goals for fusion research. Issues related to plasma wall interaction (PWI) have been actively investigated to enable SSO. Especially, developing SSO is subject to power and particle balances during plasma discharges. In a future steadystate fusion power reactor, high heat loads are expected from the main plasmas to the plasma facing components (PFCs) and this must be handled in steady state. Divertors and limiters, which directly contact the plasma, depending on plasma magnetic configurations, play an essential role in handling this heat. Few knobs are available to reduce the extremely high heat loads to PFCs that are expected in a steady-state fusion power plant; modification of the magnetic configuration is one of the few candidates to control such heat loads. Actually, control of contact point of PFCs to plasma has been applied in many long duration discharge devices such as TRIAM-1M [1] , TS [2] , EAST [3] , LHD [4] and they have been able to successfully obtain long duration discharges. The world record of plasma duration on tokamaks of more than 5 hours was achieved in TRIAM-1M [1] , where an accurate power balance of the discharge was investigated [5] and particle balance was also studied [6] . The power balance of the discharge seems to have reached steady state, because all temperature monitors on the PFCs reached constant values. However, the longest duration plasma was spontaneously terminated and the reason for that is still unclear.
In a low aspect ratio spherical torus (ST) magnetic geometry, an inherently large divertor figure of merit is P /R, where P is the input power and R is the major radius. Large scrape-off layer (SOL) flows in a divertor geometry are projected to lead to higher divertor heat fluxes, raising concerns over divertor operation in the proposed ST-based fusion power plant concepts [7] . Substantial experimental work has been carried out on heat load studies during ELMs on MAST [8−10] , power accountability study on NSTX [11] , partial detached divertor [12] and improved divertor geometry [13, 14] . Therefore, power accountability studies on a long pulsed ST yield important information for the conceptual design of future ST-based fusion power plants.
QUEST, which is a medium sized spherical tokamak (R = 0.68 m, a = 0.4 m, B T < 0.25 T at R = 0.64 m) [15−17] , can be operated in various types of magnetic configurations for up to 3-5 min using 8.2 GHz radio-frequency (RF) of approximately 100 kW injected as well-controlled microwaves [18] . The present cooling capabilities do not permit power balance studies at higher power operation; therefore it is difficult to increase the RF power in SSO discharges beyond 100 kW. On QUEST, the main parts of the PFCs are covered by 19 tungsten (W) blocks, which are tightly attached to copper (Cu) blocks that have active water cooling capability. The heat load to the PFCs can be estimated from the changes in the water temperature and the flow rate. The power balance during long duration discharges has been studied for various types of magnetic configurations such as limiter, upper and lower single-null divertor, and inboard null [19] . In this paper, the QUEST experimental apparatus will be introduced in the next section, the experimental results will be described in section 3, and in section 4 the contents of the paper will be summarized.
Experimental apparatus and historical review for SSO on QUEST
The schematic view of QUEST [15, 20] is shown in Fig. 1 . QUEST has four pairs of poloidal field (PF) coils and three separated center solenoid (CS) coils. A combination of currents on these coils can make various magnetic configurations. One pair of horizontal magnetic field coils and one pair of cancellation coils to form a field null for ohmic heating are also installed. Two types of microwaves of 2.45 GHz, 50 kW and 8.2 GHz, 400 kW (one system consists of eight 25 kW klystrons) are available to drive plasma current and heat plasmas, and they have the capability to operate in steady state. Of this 100 kW RF power has been used in long pulse discharges in which power balance analysis is the main objective. Each of the 8.2 GHz systems has a well-designed antenna to adjust the injection mode, polarization, and the injection angle [18, 21] . The vacuum vessel in the high field side (center-stack vessel) is completely covered by a center-stack vessel cover made of stainless steel of 3 mm in thickness coated by atmospheric W plasma spray (APS-W) of 0.1 mm in thickness. The vacuum vessel in the low field side was originally made of stainless steel type 316L without coating. Four fixed water-cooled limiters made of W blocks are installed at the mid-plane in four, equally distributed, toroidal locations and these protrude out from the center-stack vessel cover by 15 mm. Two fixed water-cooled limiters made of a W block are also installed at the upper positions, 85 cm above the midplane, at two toroidal locations equally separated from each other. The top and bottom flat-divertors are each composed of 16 panels made of stainless steel coated with W of 0.1 mm in thickness. These divertor plates also contain four fixed limiters made of W block as shown in Fig. 2 . The W block on each of the four limiters, on the plasma side, protrudes out by 5 cm from the top and bottom divertor plates. The upper limiters are water-cooled. The limiters on the lower divertor plates do not have water cooling. Overall, approximately 24.5 m 2 faces the plasma, and out of this 18 m 2 of stainless steel surface faces the plasma and the other 6.5 m 2 is covered with W. A movable water-cooled limiter made of W block, shown in Fig. 3 , was installed for the 2012 Spring/Summer (S/S) campaign, and has been available since then. Four fixed limiters at the mid-plane in the low field side, equally distributed toroidally, with water cooling capability, have been active since 2012 Autumn/Winter (A/W). The features of these PFCs are summarized in Table 1 . Fig.3 Schematic view of the movable limiter installed on the vessel in the low field side is illustrated. A water-cooled head is movable by 5 cm in the radial direction. The head of the limiter is made of W tightly attached to a Cu block and is electrically isolated. It was installed for the 2012 S/S campaign, and has been available since that run campaign
The historical progress for SSO on QUEST during the 2010-2012 campaigns is summarized in Fig. 4 and typical magnetic configurations are also illustrated in Fig. 5 . In the first phase of experiments (before 2010S/S), plasma start-up was a significant issue and only a 0.7 s full non-inductive current driven discharge could be obtained [16] . In the 2010 S/S campaign, a 37 s discharge in the limiter configuration was achieved and it was found that much of the heat load was delivered by energetic electrons to the vessel walls in the low field side (we will call this region the "outer wall"). The plasma in the limiter configuration occupied a large volume of the vessel and sometimes attached directly to the outer wall. Several hot spots appeared on the outer vessel and resulted in significant outgassing of the wall, which prevented maintenance of long duration discharges. It can be recognized as local power unbalance due to the heat load exceeding the cooling capability. During the 2010 A/W campaign, we made efforts to form plasmas in a divertor configuration and a 10 s discharge was obtained [20] . To further extend the plasma duration, eight divertor limiters were installed on the top and bottom sides of the divertor panels to effectively remove the heat load from the divertor region. During the 2011 A/W campaign, a 40 s discharge in the divertor configuration was achieved.
Although strong modifications to the plasma configuration were made, much of the heat load to the outer wall still remained. This means that a significant fraction of the heat load to the outer wall must be supplied by energetic electrons, which are generated by the injected RF electric fields [22] . Poloidal projections of electron orbits of the energetic electrons are likely to shift outward significantly away from the closed flux surfaces as shown in Fig. 6 . In fact, hard X-rays with several hundreds of keV were observed during RF-injected discharges [23, 24] . Therefore, the movable limiter shown in Fig. 3 was installed to remove this heat load to the outer wall. After this, we could obtain a 3 min long discharge in the inboard null configuration during the 2012 S/S campaign.
Since the 2012 A/W campaign, four water-cooled fixed limiters made of W in the low field side have been available and a 5 min discharge in a limiter configuration was successfully achieved. Before the 2012 S/S campaign, power balance was the main issue for obtaining long duration discharges and we had to make an effort to remove the heat load. Since the 2012 S/S campaign, reasonable power balance could be achieved at this power level (100 kW) and the main issue is now shifting to particle balance.
Experimental results on power balance
Non-inductive plasma start-up [22−24] and long duration discharge pulse maintenance have been successfully demonstrated. The discharge forms as a limiter configuration and shifts to the inboard null configuration in the higher β p region [25] . The peak electron temperature measured with Thomson scattering is approximately 100 eV and the density is (1-2)×10 17 m −3 . Clear formation of closed flux surfaces was observed with magnetic reconstruction [16, 22] . Power balance in fully non-inductive plasma has been measured with a calorimetric method using water cooling channels. In TRIAM-1M, the vacuum vessel was water-cooled and the deposited power to the vacuum vessel was easily measured [5, 26] , however, the vacuum vessel of QUEST does not have water cooling channels because of the need to maintain the vessel at a relatively higher temperature than room temperature (RT) and therefore, a different technique to measure the deposited power is required.
Normally, the temperature of the vacuum vessel on QUEST is kept constant at 373 K by a baking system with a power of 20 kW and this makes it difficult to estimate the power caused by the heat load from the plasma and injected microwave. Therefore, we tried plasma operations without implementing the baking system during several experimental days and then monitored the vessel temperature increases. The results are shown in Fig. 7 . Clear increment of the vessel temperature caused by plasma operation was observed. We consider heat load acceptors to be roughly divided into nine parts as listed in Table 1 . The nonwater-cooled PFCs are the top and bottom conical areas, mid-plane area, center-stack vessel cover, and top and bottom divertor panels, as shown in Fig. 1 . The first three are categorized as the vacuum vessel PFCs. The top and bottom flat plates, and center-stack vessel, on which heat load via unabsorbed microwave is deposited, are recognized as off PFCs, because direct injection of radiation and charge exchange neutrals to those are not expected.
The surface on the atmospheric side of the vacuum vessel is completely covered by thermal insulation material; as a result, the wall temperature monotonically rises during an experiment. In fact, the thermal isolation capability of the vacuum vessel is well demonstrated by the temperature flatness during lunch time from around the time period 8000−12000 s. Note that in Fig. 7 , during this period, there is no noise spike that is normally produced during a plasma shot. This means the heat loss to the air needs not be taken into consideration, so the total deposited energy on these parts can be estimated when the temperature rise achieves homogeneity during the interval between discharges.
The thermocouples on the top conical area are used to monitor the temperature of the vacuum vessel PFCs. The thermocouples on the bottom flat divertor plate were located behind the bottom divertor panels, so these do not directly face the plasma, and these monitor the temperature of the off PFCs. Four TC data are illustrated in Fig. 7 . The thermocouples located on the top conical area are observed to record a higher increase in temperature compared to those on the bottom flat plate. This means that it takes a longer time to achieve complete homogeneity of the whole vacuum vessel. We individually measured each temperature rise of the vacuum vessel PFCs and off PFCs. The homogeneity of the temperature changes of the vacuum vessel for each of the PFCs and off PFCs is experimentally confirmed by the TCs that are additionally attached to the top flat plate, the mid-plane area, and the bottom conical area in the subsequent experimental campaign. Therefore, homogeneity of temperature rise of the vacuum vessel PFCs and that of the off PFCs is assumed in every discharge. We sometimes observed a small difference of the temperature rise in the same part that deviated from the homogeneity. This difference is considered as an uncertainty quantification and non-uniformity of the temperature rise is considered as an error in the estimation.
The difference of temperature rise in the vacuum vessel PFCs of and off PFCs may result from plasma radiation and charge-exchange neutrals. Therefore, the difference may give information on how much of the microwave power is being absorbed by the plasma. Monitoring of absolute absorbed power by the plasma is crucial for RF heated STs [27] and this is a subject of future work. In addition, the center-stack vessel cover and divertor panels are also considered as PFC, because most of the local heat load from plasmas on these could be absorbed by the fixed and divertor limiters. The temperature rise in these are measured by several TCs, as listed in Table 1 , and non-uniformity of temperature rise is also reflected in the estimation error. Averaged temperature increases and the thermal capacity provide information on the deposited energy during each discharge. The heat capacity of each part in Table 1 is computed by multiplying the mass by the specific heat. Measured deposited energy was plotted as a function of pulse length as shown in Fig. 7 and then the gradient of the plot shows the deposited power which corresponds to approximately half of the injected power as shown in Fig. 7 .
For the other parts of PFCs that have active water cooling, the deposited energy could be monitored by the same calorimetric technique applied to TRIAM-1M [5, 26] . The power distribution on PFCs for various magnetic configurations is plotted in Fig. 8 . Approximately 70%-90% of injected power in every case can be accounted by the above-described calorimetric measurements. A part of residual power may be due to the lack of estimation of power loss at the injection antenna of the microwave, because the monitor of the injected power was located just behind the antenna. The net injected power must be derived from deducting the power loss at the antenna from the monitored RF power referred to as the injected power, but the power loss at the antenna was not estimated. Fig.8 Power distribution on the heat load acceptors for various magnetic configurations are plotted. Red, green, and blue blocks indicate heat loads in limiter, inboard null, and divertor configurations, respectively. The ratio of the fitting errors on the non-water-cooled heat load acceptors to the injected power are 10% in limiter configuration, 9% in IBnull, and 10% in divertor configuration, respectively. Approximately 70%-90% of injected power can be accounted for A significant portion of heat load was observed on the divertor limiter even in a limiter configuration and this was expected. This is because the magnetic surface just outside of the last closed flux surface in the low field side was directly connected to the divertor limiter via magnetic surfaces and the heat load was likely delivered from core plasma by SOL flows. The heat load to divertor limiters on a single null divertor configuration has strong up-down asymmetry. For example, on the upper single null divertor configuration, nearly the entire heat load was delivered to the upper side of the divertor region, and only one-tenth of the heat load reached the lower side. For all the magnetic configurations, significant heat load is deposited on the movable limiter, which indicates that the heat load is likely delivered by electrons with significant large orbit in its poloidal projection that can therefore reach the movable limiter. In fact, floating potential of the movable limiter sometimes reaches minus several kV. This is therefore a clear indication that the heat load was delivered by energetic electrons accelerated by the injected microwave power. As a result of the effort to remove local heat loads, power balance estimates were achieved in discharges lasting for 3-5 min, because the temperature on all the PFCs was constant during the discharge.
Summary
The status of the results from QUEST experiments aimed towards steady state operation is reported. Power balance in the long duration discharges is investigated. Calorimetric measurements are applied to water-cooled PFCs with increment of water temperature. The deposited energy on the non-watercooled components was investigated by the increment of temperature, when the wall baking system was purposely turned off. It is found that approximately half of the injected power was delivered to the nonwater-cooled components, which are not expected to be exposed to local heat loads. The power deposition to these heat load acceptors has significant variations depending on the magnetic configuration. As a result of the effort to prevent excessive heat-up, nearly steady state conditions were reached during which the power seems to be balanced in long duration discharges in QUEST.
